We experimentally demonstrated that infrared light imprinted with orbital angular momentum (OAM) was linearly converted into visible light using four-wave mixing (FWM) via a ladder-type configuration in 85 Rb atoms. Simultaneously, we theoretically simulated this linear conversion process, and the theoretical analysis was in reasonable agreement with the experimental results. A large single-photon detuning process was used to reduce the absorption of the atoms to the up-converted light and to avoid pattern formation in the FWM process. The multi-mode image linear conversion process is important for applications including image communications, astrophysics and quantum information. © 2012 Optical Society of America OCIS Codes: 190.4380; 190.4223. Optical beams with OAM states include screw topological wavefront dislocations or vortices. Light with OAM has many exciting applications, including optical communications [1][2] and astrophysics [3][4][5]. Because of the lack of a suitable detector technology in the infrared region, efficient conversion of infrared light with OAM to the visible region with high resolution is very important for these applications. Although the transfer of an OAM state through an optical frequency conversion process in nonlinear crystal and atomic ensemble has been reported [6][7][8], no linear up-conversion process has been reported for an OAM state from the infrared to the visible region in atoms. The linearity of up-conversion from infrared to visible light may for example be used to improve the angular resolution of astronomical instruments [9]. The linear conversion of OAM may also find possible applications in combination with an entangled image [10], and with the quantum correlated angle [11]. The up-conversion of light from the infrared spectrum to the visible region can be realized with a diamond or a ladder atomic configuration [12][13][14][15]. A theoretical scheme for efficient infrared image up-conversion via quantum coherence based on FWM is present in Ref. [12]. In. Ref. [13], more than 50% up-conversion efficiency from infrared light to visible light was obtained in a cold atomic ensemble. However, these experiments were achieved using techniques without spatial resolution. Here, we experimentally demonstrate that infrared light imprinted OAM can be up-converted linearly into the visible region through the FWM process in a ladder-type configuration in 85 Rbatoms. We also theoretically simulate this linear conversion process, and the theoretical analysis is in reasonable agreement with the experimental results. A large single-photon detuning process is used to reduce the absorption of the atoms to the up-converted light and to avoid pattern formation in the FWM process.
Optical beams with OAM states include screw topological wavefront dislocations or vortices. Light with OAM has many exciting applications, including optical communications [1] [2] and astrophysics [3] [4] [5] . Because of the lack of a suitable detector technology in the infrared region, efficient conversion of infrared light with OAM to the visible region with high resolution is very important for these applications. Although the transfer of an OAM state through an optical frequency conversion process in nonlinear crystal and atomic ensemble has been reported [6] [7] [8] , no linear up-conversion process has been reported for an OAM state from the infrared to the visible region in atoms. The linearity of up-conversion from infrared to visible light may for example be used to improve the angular resolution of astronomical instruments [9] . The linear conversion of OAM may also find possible applications in combination with an entangled image [10] , and with the quantum correlated angle [11] . The up-conversion of light from the infrared spectrum to the visible region can be realized with a diamond or a ladder atomic configuration [12] [13] [14] [15] . A theoretical scheme for efficient infrared image up-conversion via quantum coherence based on FWM is present in Ref. [12] . In. Ref. [13] , more than 50% up-conversion efficiency from infrared light to visible light was obtained in a cold atomic ensemble. However, these experiments were achieved using techniques without spatial resolution. Here, we experimentally demonstrate that infrared light imprinted OAM can be up-converted linearly into the visible region through the FWM process in a ladder-type configuration in 85 Rbatoms. We also theoretically simulate this linear conversion process, and the theoretical analysis is in reasonable agreement with the experimental results. A large single-photon detuning process is used to reduce the absorption of the atoms to the up-converted light and to avoid pattern formation in the FWM process.
The ladder-type configuration used in our experiment is shown in Fig. 1 Before introducing our experimental results, we give a simple description of our system. With the assumption that the Rabi frequencies Ωp1, Ωs>>ΩF, Ωp2, we derive steady-state solutions for the density matrix and obtain the susceptibility of the FWM field using PFWM=Nμ21ρ21, where N is the active density of the atoms, and μ21 and ρ21 are the dipole element and the density matrix element of the transition |2>->|1> respectively. The evolution of the FWM beam is described by the following equation:
where A (1) and A (4) are the loss and gain coefficients corresponding to the absorption and the nonlinear FWM gain, respectively. A (2) and A (3) are the cross-modulation coefficients from the pump 1 and signal fields, respectively. A (i) (i=1,2,3,4) are the complex functions of the detuning, Rabi frequency, decay rate, active atomic density and dipole element. If the detuning Δ 1 =2 GHz, Δ 2 =1.67 GHz is large (our experimental parameters), the sum of the first term, the second term and the third term in brackets on the right of Eq. (1) can be simplified to be iΩ F /2(γ 1 -iΔ 1 ), which characterizes the absorption of the FWM light. This illustrates that spatial cross-modulations from pump 1 and the signal light can be avoided by the large detuning in our system. Ref. [16] reports that the spatial cross-modulation can be adjusted through single-photon detuning.
The simplified experimental setup is shown in Fig. 1(b) . A cw laser beam at 780 nm from an external-cavity diode laser (DL100, Toptica) is input to an Rb cell as pump 2. A cw laser beam at 1529.4 nm from another external-cavity diode laser (DL100, Prodesign, Toptica) is divided into two beams by a beam splitter to produce the pump 1 and signal beams. These two beams nearly co-propagate and have parallel polarization directions. The angle between these two beams is about 0.98°. The pump 1 beam nearly counter-propagates with the pump 2 beam with an angle of β=0.37°; the pump 2 beam has circular polarization. The up-converted field at 780 nm with the same polarization as the pump 2 beam nearly counter-propagates with the signal with a small angle of α=0.24°, and is monitored using a common CCD camera. The signal and pump 2 beams are focused and the diameters at the center of the Rb cell are approximately 185 μm and 195 μm respectively. The pump 1 beam is weakly focused and the beam waist is approximately 1 mm in the cell. A homemade computer-generated hologram (HG) is inserted into the signal beam to generate a light beam carrying the OAM. An HG with a fork structure at the center can be used to change the order of the OAM of a beam. Here, we consider the case where p=0, in which the LG0l mode carries the corresponding OAM of l. The +/-order diffraction of the HG increases the OAM of the input beam by  , when the dislocation of the HG overlaps with the beam center. The superposition of the LG00 mode and the LG01 mode can be achieved easily by shifting the dislocation of the hologram out of the beam center by a certain amount. The intensity of the LG00 mode is Gaussian and the LG01 mode has a doughnut-shaped intensity distribution. All experiments were performed using a 5-cm 85 Rb vapor cell, which contains isotopically-pure 85 Rb. After transmission through the HG, the signal beam is divided into two beams ： the zero-order diffraction wave and the +-order diffractive wave. The +-order diffractive wave with the doughnut-shaped intensity distribution is incident on the Rb vapor cell as the input signal to be up-converted.
We inserted the HG into the signal beam, and selected the +-order diffractive wave from the HG as the signal beam shown in Fig. 2(a) . We used a CCD camera to monitor the generated signal. The powers of the pump 2, pump 1 and signal beams were 0.072 mW, 9.6 mW and 9.6 mW, respectively. The diffractive efficiency of the HG is approximately 10%, so the effective power of the signal was approximately 0.96 mW. The image obtained in the experiment is shown in Fig. 2(b) . We also used the superposition of the LG00 mode and the LG01 mode indicated by Fig. 2(c) as an input, which was obtained by shifting the dislocation of the hologram out of the beam center by a certain amount. The up-converted superpositioned image is shown in Fig. 2(d) . Figs. 2(e-h) correspond to the theoretical simulations using Eq. (1). Next, we took a different superposition of OAM modes as the input signal to be up-converted. An arbitrary superposition of the OAM modes αLG00+βLG01 can be prepared by shifting the dislocation of the hologram out of the beam center by a different amount, where α and β are real without loss of generality, and |α| 2 +|β| 2 =1. The experimental results are shown in Fig. 3a. Figures (a) to (i) on the first line correspond to the superposition of the αLG00+βLG01 OAM modes with different α and β values, which was realized experimentally by gradually shifting the position of the input beam center relative to the dislocation from one side of the HG to the other. The second line of Fig. 3(a) shows the corresponding up-converted results. We confirmed that the different input signals produced different output signals. We also compared the relative distance ΔXS(F) between the center point of the small black hole and the center point of the entire high intensity shape before and after the experiments. The different relative distance corresponds to the different superposition of the αLG00+βLG01 OAM modes. The results are shown in Fig. 3(b) . We found that the relative distance was maintained linearly. The third and fourth lines correspond to the theoretical simulation results. The relative distance between the center point of the small black hole at the center of the intensity shape and the center point of the entire high intensity shape before and after the experiments. The horizontal axis represents the input signal, and the vertical axis represents the up-converted signal. The dots are the experimental data, and the line is the fitted result. Dots (c) to (g) correspond to the experimental cases of (c) to (g) in Fig. 3(a). (c) . The up-converted images relative to the cell temperature. In the top line, the input signal is in the LG00 mode; in the bottom line, the input signal is the superposition of the LG00 mode and the LG01 mode.
We also checked the quality of the up-converted image against the cell temperature. We found that, apart from the conversion efficiency, the temperature of the cell has no obvious effect, and it made no difference whether the input signal was a single light beam with OAM or the superposition of two light beams with different OAM modes. The results are shown in Fig. 3(c) .
One problem that affects the quality of the transferred image is diffusion caused by atoms in motion during the FWM process. The geometry of our experimental setup causes another problem. The non-collinear configuration is used to reduce the noise from strong input light beams. However, it makes the FWM different along the horizontal and vertical directions.
In conclusion, we have experimentally demonstrated linear up-conversion using the FWM process with large single-photon detuning. Our research results may be useful in research fields including astrophysics, night-vision technology, chemical sensing, and quantum communications.
